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Objective: This experimental study investigated the hemodynamic effect of corrective procedures for arteriovenous
access–related ischemia in pulsatile flow.
Methods: Silicone models of an emulated tapered and bifurcated arterial tree of the upper arm and forearm were integrated
into a pulsatile flow circuit. The model allowed the study of hemodynamics of simulated arteriovenous fistulas, including
collateral circulation, as well as the study of different simulated procedures to improve distal hypoperfusion. Flow rates
and arterial pressure were measured simultaneously during simulation of corrective procedures and correlated to
hemodynamic values of uncorrected ischemia.
Results: It was demonstrated that the more proximally localized an arteriovenous anastomosis is, the higher the distal
arterial pressure will be at any given fistula flow. Reduction of the fistula flow resulted in a significant improvement of
distal perfusion. Ligation of the artery distal to the arteriovenous fistula to prevent retrograde flow increased the distal
perfusion only slightly in simulated ischemia. In contrast, the simulated corrective procedures of distal revascularization
interval ligation and proximalization of arterial inflow resulted in a significant improvement. The most significant
improvement of distal perfusion was observed with the simulated proximalization technique, whereas the effect of distal
revascularization technique was less pronounced at higher fistula flow. Arterial ligation after distal revascularization
increased the distal pressure only by 10%.
Conclusion: A more centrally localized arteriovenous anastomosis and a reduction of fistula flow significantly increase
distal perfusion. The procedure of proximalization of arterial inflow is at least equivalent to the distal revascularization
interval ligation technique for the correction of distal ischemia, but does not sacrifice a patent axial artery. The moderate
effect of interval ligation of the latter technique should be evaluated by further intraoperative measurements. ( J Vasc
Surg 2008;48:1559-65.)
Clinical Relevance: Our model examines the hemodynamics of different corrective procedures for access-related distal
ischemia. Results support the use of banding and proximalization of arteriovenous anastomosis to improve distal
perfusion. The experimental data demonstrate a marginal additional improvement of distal revascularization technique
by subsequent arterial ligation. That poses the question about the necessity to ligate an axial artery.Access-related ischemia (ARI) after the creation of an
arteriovenous fistula (AVF) for hemodialysis remains a se-
rious complication in vascular access surgery that is difficult
to manage. A number of techniques to treat ARI have been
proposed, but the optimal treatment remains controver-
sial.1-3 The basic pathophysiologic principle of the distal
revascularization interval ligation procedure (DRIL) seems
to be conclusive, because distal perfusion will be increased
by construction of a low-resistant arterial bypass, and a
retrograde arterial flow distal to the AV anastomosis will be
prevented by ligation of the artery distal to the AVF.4,5
Arterial ligation as a key element of DRIL is challengeable,
however, despite the impressive clinical results of DRIL.5-7
The retrograde flow is apparently not the dominating factor
in the pathogenesis of ARI.4,8,9 Retrograde arterial flow is a
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only a small proportion of patients.1,8
Our criticism of the DRIL technique is that the ligation
of an axial artery may jeopardize distal arm perfusion pro-
foundly in the light of frequently severe distal vessel disease
in patients with ARI.11,12 We favor a differentiated ap-
proach that depends on preoperatively measured access
flow by banding13 or proximalization of arterial inflow
(PAI)12 as alternative procedures to a standard DRIL pro-
cedure.
A major impediment to the evaluation of the hemody-
namic efficiency of different corrective techniques is the
lack of comprehensive data about hemodynamics in ARI
and an accepted model for AV access that adequately
describes the actual situation.3 The purpose of this experi-
mental study was to investigate the hemodynamics of ARI
in a pulsatile flow model.
METHODS
Model description. Transparent silicone models of
the arterial tree of the upper arm and forearm (Fig 1) were
manufactured. Handmademetal molds (special alloy, melt-
ing point at 70°C, HEK Medizintechnik, Lubeck, Ger-
many) were created and connected according to an ideal-
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forearm, respectively. These metal trees were polished and
then embedded in clear silicone rubber (Sylgard 184, Dow
CorningCorp,Midland,Mich). After curing, themetal was
melted out in a water bath, leaving the transparent models
of the upper arm and forearm. The arterial tree tapered
from 6.3 mm at the subclavian and 4.3 mm at the distal
brachial to 2.5 mm at the distal radial and ulnar arteries.
The models were connected with a pulsatile flow circuit
by silicone tubes. Briefly, the flow circuit system was based
on the connection of two pressure-controlled reservoirs at
systolic and diastolic pressure by a proportional magnetic
valve (type 1094, Buerkert Corp, Ingelfingen, Germany).
Two tubing pump systems with variable speed (Masterflex,
Cole Parmer Instrument Co, Vernon Hills, Ill) filled the
reservoirs, depending on flow rate. Both pump systems
were regulated by measuring of adjustable pressure inside
the reservoirs. A check valve prevented the setback of
systolic pressure into the diastolic reservoir.
Pulsatile flow was controlled by means of a personal
computer, which supplied the control voltage for the pro-
portional magnetic valve, depending on actual outflow
pressure curve. The circulating fluid was an aqueous glyc-
erol solution (ratio 42.5:57.5) as a Newtonian blood ana-
logue.14 The exact ratio was adjusted by measuring of
dynamic viscosity   3.6 mPaxs at 25°C (Capillary vis-
cometer, Raczek Corp, Wedemark, Germany). The fluid
density was   1.11 g/cm3. Because the fluid viscosity
strongly depends on temperature, a thermostat maintained
Fig 1. Scheme of the model that was integrated into the pulsatile
flow circuit.AVF, arteriovenous fistula;DRIL, distal revasculariza-
tion interval ligation; PAI, proximalization of arterial inflow; P1,
central arterial pressure; P2, pressure in the distal brachial artery;
P3, pressure in the hand; Q1, total flow; Q2, flow in the distal
brachial artery; Q3, flow in the hand; Q4, flow of the AVF; 1-4,
outlets for AV anastomosis.a constant fluid temperature of 25°C.The venous outflow took place against the venous
pressure of 10mmHg andwas controlled by a needle valve.
All measurements were performed at a mean central pres-
sure (P1) of 100mmHg. P1was adjusted bymodulation of
pressure inside of the reservoirs while the same flow curve
was maintained. The pump systems allowed a maximum
value of mean flow rate of approximately 1300 mL/min at
this pressure.
Two 2-channel transit-time ultrasound flowmeters
(Transonic T206, Transonic System Corp, Ithaca, NY; and
MediStim Butterfly 2004, MediStim AS, Oslo, Norway)
were used to monitor the total flow (Q1), flow in the distal
brachial artery at the connection point of the upper arm and
forearmmodel (Q2), flow in the hand (Q3), and flow of the
AVF (Q4). The pressure was measured in the arterial inlet
(P1), in the distal brachial artery (P2), and in the hand (P3)
by flowmeter pressure channels. The distance between sites
of measurement was 285 mm for P1 to P2 and 300 mm for
P2 to P3.
The silicone model has different outlets of 5 mm diam-
eter for connecting tubes. Each one outlet at the upper
arm, the forearm, and the hand simulated the arterial flow
into the tissue of the arm. Before the measurements were
started, the distal arterial flow volumes of these outlets were
adjusted to 70, 50, and 30 mL/min, respectively, at P1 
100 mm Hg by means of needle valves in accordance with
referenced flow values at rest.15-19 The set arterial resis-
tances remained unaltered thereafter.
Between the subclavian and a forearm outlet, a 2.4-
mm-diameter tube of 60-cm length was inserted to simu-
late the collateral circulation. Based on assumptions to
apply Poiseuille’s law, the resistance of this collateral path-
way was approximately 20 times higher than that of the
resistance of the axial arteries. The collateral flow rate
varied, depending on the option being investigated. Five
outlets originating from different locations of the emulated
arterial tree were used for the simulation of different sites of
AV anastomosis and correcting procedures, respectively.
Silicone tubes with an inner diameter of 5 mm and 18
cm in length were used for simulation of PAI and DRIL.
The distance between the outlets for the AVF and for the
proximal bypass anastomosis in DRILwas 4.8 cm, and 16.2
cm in the PAI procedure, respectively.
Investigated topics. The following topics were inves-
tigated:
● Impact of the site of AV anastomosis on the distal pres-
sure. Outlet sites for arterial inflow of the AVF were
varied along the emulated arterial tree to simulate
different locations of AV anastomoses: subclavian, ax-
illary, brachial, and radial artery (Fig 1).Measurements
of P3 were performed with a gradually varied access
flow. The collateral flow was clamped to compare data.
● Correlation between access flow and distal pressure in
simulated ARI. An elbow AVF was simulated using
the system with open brachial artery and collateral flow
and the subsequently mentioned stenosis of the brachial
artery. Fistula flow (Q4) of 1000 mL/min at P1 100
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outflow valve.
● Comparison of hemodynamic effects of corrective proce-
dures for ARI. A distal ischemia caused by an upper
arm AVF was simulated for these measurements. For
this purpose an artificial stenosis was created distally to
the AV anastomosis at the connecting tube between
the upper arm and forearmmodel just below the probe
for the measurement of Q2 and P2. The effect of the
stenosis on the distal perfusion at closed access was
minor and was correlated to all other measured values.
The stenosis remained unvaried during measurements.
Three options were simulated: A. open distal brachial
artery and open collateral flow, B. clamped collateral and
open brachial artery, and C. open collateral tube and closed
brachial artery.
The switch among the different simulated procedures
and options was conducted by clamping and opening the
respective tubes without alteration of other modalities. The
measurements were conducted atQ4 of 300, 500, 700, and
900 mL/min, respectively. A typical flow pattern of simu-
lations is demonstrated in Fig 2.
Statistical analysis. Results are reported as the mean
of three repeated measurements or as the range, depending
on different access flow volumes (Q4). Statistical analysis
was performed by using the one-way analysis of variance for
nonnormal distribution with the Bonferroni correction for
multiple comparisons (SPSS 11.0; SPSS, Chicago, Ill).
Differences were considered statistically significant at
P  .05.
RESULTS
Effect of the site of AV anastomosis on the distal
pressure. The relation between AVF flow (Q4) and mean
distal arterial pressure (P3), depending on the site of AV
anastomosis, is depicted in Fig 3. Measurements demon-
Fig 2. Recorded flow volume curve in emulated brachial artery
(Q2) of simulated fistula-related ischemia before and after recon-
struction with proximalization of arterial inflow.strate an inversely proportional linear relation between Q4and P3. It is obvious that the more proximally localized the
AV anastomosis, the higher the distal pressure is at a given
access flow. P3 was 95  1 mm Hg with a clamped AVF,
whereas, exemplary at an AVF flow of 600mL/min, P3 was
56 1mmHg by using the outlet at the radial artery, 66
2 mm Hg at distal brachial artery, 72  1 mm Hg at the
axillary artery, and 77 2 mmHg at the subclavian artery.
The angle of the decline was more pronounced for the sites
at the forearm compared with that of the upper arm. The
values of distal pressure at different sites of AV anastomosis
were significantly different for the same Q4, with the ex-
ception of Q4 500 mL/min for the axillary and brachial
anastomoses.
Correlation between AVF access flow and distal
pressure. A reduction of the elbow AVF flow caused a
significant increase of distal pressure and flow. The relation
Fig 3. Relation between fistula flow (Q4) and mean distal arterial
pressure (P3), depending on the site of arteriovenous anastomosis.
Black triangle, Subclavian artery; white triangle, axillary artery;
black circle, brachial artery; white square, radial artery.
Fig 4. Effect of fistula flow (Q4, square) reduction on distal
arterial pressure (P3, triangle).was linear in the analyzed range of access flow (Fig 4). P3
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83  1 mm Hg at an AFV flow rate of 300 mL/min.
Comparison of hemodynamic effects of corrective
procedures. First, the effect of stenosis at the brachial
artery for simulation of ARI was evaluated. P3 was 88  1
mm Hg and Q3 was 27  0 mL/min in this native state
(clamped AVF, open flow in the brachial artery and collat-
eral). This was considered to be the optimum of distal
perfusion for the given system. These values were defined as
references to calculate P3rel and Q3rel. The clinically rele-
vant results of this topic are depicted in Fig 5.
A clamping of collateral flow had no effect on distal
perfusion (P3rel 0.99, Q3rel 0.98), whereas closure of
the brachial artery reduced the distal pressure and flow by
approximately 20% (P3rel  0.80, Q3rel  0.77).
1. AVF: P3 and Q3 decreased to a range of 30% to 45% of
Fig 5. Effect of distal revascularization interval ligation (DRIL)
and proximalization of arterial inflow (PAI) procedures to correct
ischemia of an elbow arteriovenous fistula (AVF). Graphs show the
(Top) relative distal arterial pressure (P3rel) and flow volume
(Q3rel) in relation to (Bottom) fistula flow (Q4). Option A
(squares, vertical symbol) represents open distal brachial artery and
collateral flow, whereas the brachial artery is clamped in option C
(circles, triangle).reference values in inverse proportion toQ4. An increas-ing retrograde flow in the brachial artery was observed at
increasing AVF flow (Q2  8 mL/min at Q4  500
mL/min; Q265 mL/min at Q4 900 mL/min).
Closure of the collateral flow caused an additional re-
duction of distal perfusion (range of P3rel 0.30-0.39,
Q3rel  0.22-0.30), whereas a closure of the brachial
artery distal to the AVF (option C) increased markedly
P3 and Q3 (range of P3rel  0.49-0.61, Q3rel 
0.43-0.63). This effect, however, diminished signifi-
cantly at higher fistula flow.
2. DRIL: Simulation of DRIL caused an impressive im-
provement of distal perfusion. At simulated option A,
which corresponds to DR without interval ligation, P3
increased to 91% of native value at Q4  300 mL/min
and to 72% at Q4  900 mL/min. The distal flow was
56% to 70%, despite a high retrograde flow in the
brachial artery (Q2  183 mL/min at Q4  300
mL/min; Q2  340 mL/min at Q4  900 mL/
min). A clamped collateral flow altered these values only
slightly (range of P3rel  0.94-0.39, Q3rel  0.55-
0.74, Q2 [retrograde] 180 to 323 mL/min). At
option C, representing complete DRIL procedure, P3
increased to 80% to 98% and Q3 to 67% to 85% in
inversed correlation to the fistula flowQ4. The values of
P3 were significant, but only about 10% higher in com-
plete DRIL compared with that in DR at the same Q4;
whereas for distal flow, a marked difference was seen
only at lower access flow.
3. PAI: Likewise, the PAI procedure resulted in significant
improvement of distal perfusion of simulated ARI. The
influence of Q4 was markedly lower for PAI than for
DRIL and DR. The values of P3rel and Q3rel for PAI in
option A were 0.90 and 0.80, respectively, at every
investigated flow rate. A closure of collateral flow re-
duced values only slightly (range of P3rel  0.90-0.93,
Q3rel  0.74-0.78), whereas closure of the brachial
artery resulted in a decreased P3 and Q3 (range of
P3rel  0.77-0.80, Q3rel  0.63-0.70).
Always, the parameters of distal perfusion were signifi-
cantly higher by PAI at option A compared with DR
without ligation of the artery (option A) at the same Q4.
Compared with the complete DRIL (option C), no differ-
ence was seen at lowQ4, whereas significantly higher values
of P3 and Q3 were observed in PAI at high AVF flow rates
(700 mL/min). In option C (closed brachial artery), the
PAI results were significantly lower compared with DR and
DRIL at low flow and equivalent at higher fistula flow.
DISCUSSION
This study integrated a tapered model of the axial
arteries of the arm with an AVF into a pulsatile flow circuit
to investigate hemodynamics of corrective procedures for
ARI. Simple electrical resistance circuit models were used
to describe hemodynamics of this problem.3,20,21 Impor-
tant implications of these models to apply Poiseuille’s law
are the assumptions of a nonpulsatile flow, straight nonta-
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of the collateral flow.
In vivo, however, the flow in an AV access circuit is
pulsatile and has laminar and turbulent characteristics.14,22
The linear reciprocal relationship between flow and resis-
tance is not followed in pulsatile and turbulent flow14,22
and in tapered vessels.23,24 The transferability of these
models to the complex nature of ARI is therefore limited;
nevertheless, these models are important contributions to
understand some hemodynamic questions.
In the presented in vitro model, we tried to mimic the
natural conditions as accurately as possible. Lengths and
diameters of arterial segments were chosen from arterio-
graphic images and are in accordance with the litera-
ture.16,17 The advantage can be seen in the use of realistic
pulsatile flow and tapered vessels with bifurcations and a
collateral pathway. Limitations of this model are the restric-
tion of the AVF flow to 1000 mL/min, the absence of the
mechanical properties of vessel wall, and the absence of any
compensatory mechanisms. The clinical relevance of flow
limitation is discussed subsequently.
The effect of vessel wall elasticity on the investigated
hemodynamics is unclear. There are limited data regard-
ing such variables for patients with chronic renal insuffi-
ciency,25 in particular for ARI patients with common
severe calcification of arteries and lost ability to in-
crease diameter during systole. A compliance match of
the model vessels to natural arteries and veins cannot be
assumed, even though the silicone model and tubes have
a marked distensibility. The collateral flow was the only
considered in vivo mechanism to compensate reduced
perfusion of peripheral tissue. The results demonstrate
the important influence of collaterals.
It seems impossible, however, to obtain results of the
investigated issues by in vivo measurements, apart from the
second topic. Another problem of in vivo measurements is
the static recording at the time of surgery, whereas com-
pensatory mechanisms are characterized by dynamic pro-
cesses during the following weeks.
The eligibility of the model was explored in preliminary
testing. The flow volume rates in the AVF and arterial
segments, and arterial outflow into the arm and hand agree
with reported data15-19 and our own results from intraop-
erativemeasurements. All measurements were performed at
a mean central arterial pressure of 100 mm Hg, which may
be assumed as being normal blood pressure. Because the
adjusted conditions were not changed during tests and
measured values were related to that of native circulation, a
good comparability of results of corrective procedures was
accomplished.
In the first topic of the experiment, it was clearly
demonstrated that the more proximally localized AV anas-
tomosis resulted in a significantly higher distal pressure at
the identical fistula flow than a more distally applied anas-
tomosis. The explanation is the higher energy dissipation in
narrower and longer arterial vessels when the AV anasto-
mosis is more distally located. A change of central pressure
(80 mm Hg, 120 mm Hg) caused an equivalent shift ofdistal pressure but confirms the data of P1  100 mm Hg
(data not presented). A potential effect of decreased imped-
ance of venous outflow at a more proximal localization of
AV anastomosis was considered as minor and was not taken
into account. Central arterial pressure and fistula flow vol-
ume were set as fixed values to evaluate distal perfusion
parameters. These values can be measured in every patient,
and their correlation implicates venous impedance.
The higher incidence for ARI of upper arm AVFs
compared with wrist AVFs appears to contradict that con-
clusion. The problem of ARI, however, is related to access
flow. Upper arm AVFs tend to have a significantly higher
flow than forearm AVFs, due to a larger artery and vein
diameter at time of surgical construction and during mat-
uration, wider anastomosis, and higher arterial pressure at
anastomotic site. Flow reduction in upper arm AVFs to a
flow volume of normal radiocephalic AVFs cause a signifi-
cant increase of distal pressure to nearly normal values.13
Similarly, the occurrence of ARI in axillary-axillary loop
grafts is rare, whereas distal ischemia in brachial-axillary or
brachial-antecubital grafts is a common complication.17
Also, the effect of revascularization using distal inflow
procedure to treat ARI26 can be mainly explained by a
reduced AVF flow due to the anastomosis with a smaller
artery. Thus, the conclusion of this topic is in accordance
with clinical findings.
Investigations of the correlation between access flow
and distal arterial pressure demonstrated the well-known
inversed proportionality of distal arterial pressure to fistula
flow. The argument that banding does not improve distal
perfusion7 is disproved by this study as well as by clinical
reports.13,27 Reduction of access flow to one-third in-
creased the mean distal pressure by about half of the initial
value. Even though this relation depends on several factors
(central pressure, prebanding access flow, distal pressure,
and collaterals) and, thus, cannot be completely transferred
to access surgery, it is consistent with intraoperative mea-
surements.13,27 In ischemia caused by a high-flow fistula,
the mean flow was 1469  633 mL/min in our clinical
study of banding.13 Thus, the physiologically relevant flow
is higher than that applied in this study. Nevertheless,
different conclusions cannot be expected. The correlation
was nearly linear for the investigated AVF flow rate of 1
L/min; however, a more precipitous increase of distal
pressure may be expected by banding at higher flow rates.
The most interesting part of the study was the analysis
of different reconstruction procedures under simulated
ARI. The AVF flow-dependent distal pressure decreased to
approximately 40% when the AVF was opened. Such a
pressure drop is in agreement with intraoperative measure-
ments in ARI patients.12,13,15 The ligation of the artery
distal to the AV anastomosis to prevent retrograde flow
caused only a mild increase of distal pressure to about 60%
of the native value. The effect is too small to recommend
this method; besides, we advocate the preservation of con-
tinuity of an axial artery. Even though a few cases of
successful treatment by ligation of the brachial artery be-
yond the AVF have been described,28 this approach may be
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dominant ulnar artery.29
In contrast, DRIL and PAI resulted in an impressive
improvement of distal perfusion and thus confirms the
results of clinical measurements.12,15 Both techniques led
to the doubling of distal pressure as well a significant, but
more variant, increase of distal flow. After PAI, nearly
normal distal perfusion was observed (P3rel 0.9, Q3rel
0.8). The improvement of distal perfusion was more
significant after PAI compared with DRIL at higher fistula
flow. This may be explained by higher energy dissipation
and pressure loss of the narrower brachial artery to carry a
higher flow volume in DRIL compared with the axillary
artery used in the PAI technique. The ligation of the
brachial artery in DRIL increased distal pressure only by
10% compared with the option with an open artery that
represents DR without interval ligation. A similar limited
additional increase of the distal flow by arterial ligation in
DRIL was seen by Gradman and Pozrikidis3 in their elec-
trical analogue model.
Despite the observed retrograde flow in the brachial
artery, the question arises whether the ligation of a
patent axial artery during DRIL is reasonable. Some
patients with complete relief of ARI symptoms after DR
were reported,3,30 whereas a limited number of intraop-
erative measurements during DRIL emphasizes the im-
portance of arterial ligation.5 In case of occlusion of the
arterial bypass, there is no risk of deteriorated distal
perfusion after DR. Even though the reported 12-month
patency rate of arterial bypass in complete DRIL is
good,5-7 we believe the risk of thrombosis should not be
underestimated in view of the frequently observed severe
atherosclerotic lesions in distal arteries.
A less significant improvement of distal perfusion was
seen in simulation of PAI at the option of the closed artery.
Only at high fistula flow were the values of distal perfusion
equivalent to DRIL and DR. Therefore, in case of an
occluded distal artery, a bypass reconstruction in addition
to PAI procedure should be considered.
CONCLUSIONS
This in vitro study supports our concept of differenti-
ated ARI treatment depending on fistula flow measured by
duplex sonography preoperatively. Banding is only reason-
able in AVFs with high flow to keep the balance of a potent
improvement of distal perfusion and thrombosis. As we
demonstrated, banding of high-flow native AVFs is an
effective procedure to improve distal perfusion and thus
represents a simple way to treat ARI with a very low risk of
thrombosis, if an adjustment of the AVF flow to 400 to 500
mL/min under intraoperative flow measurement is being
performed.13 PAI and DRIL are procedures that are indi-
cated for normal-flow accesses. In low-flow fistulas, PAI is
the only way to correct ischemia and improve access flow.
The in vitro effects of the PAI procedure on distal perfusion
presented here, as well as the achieved clinical results,12 are
at least equivalent to DRIL reports, without ligation of an
axial artery. For surgeons who favor the DRIL procedure,this study may give them reason to reconsider the concept
and to evaluate the experimentally demonstrated moderate
benefit of arterial ligation during the DRIL procedure
compared with DR by intraoperative measurements.
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